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FROM PROTOZOAN INFECTION IN MONARCH 
BUTTERFLIES TO COLONY COLLAPSE DISORDER 
IN BEES 
Are Emerging Infectious Diseases Proliferating in the Insect World? 
Rebecca Bartel and Sonia Altizer 
GREAT FLEAS HAVE little fleas upon their 
backs to bite 'em, and little fleas have lesser fleas, 
and so ad infinitum. 
Augustus de Morgan 
In the late 1990S, scientists first noticed mysterious 
declines in several wild bumble bee species (Bombus 
spp.) in both eastern and western North America, with 
one species now possibly extinct (Colla and Packer 
2008). These bumble bee losses mirrored declines 
in the abundance of many other native pollinators 
(National Research Council 2007). Interestingly, the 
timing of bumble bee declines in the United States 
coincided with reports of disease outbreaks in com-
mercial-reared bumble bees sold for use in the pro-
duction of greenhouse tomatoes and peppers (Evans 
et al. 2008). This observation, together with reports 
of a higher incidence of key pathogens, including 
the trypanosome Crithidia bambi and the micros po-
ridian Nosema bambi in wild bumble bees foraging 
near greenhouse colonies (Colla et al. 2006), suggests 
that the spread of pathogens from commercial to 
wild bees could play a role in observed declines. 
Although details are still emerging on the incidence 
and effects of different bumble bee pathogens in North 
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America, this example could be one of the first cases 
of pathogen spillover from domestically reared to wild 
populations of an insect host. More generally, this 
example points to the potential for pathogens to cause 
insect declines, and underscores the need for more 
baseline data on pathogen prevalence in wild insect 
populations. 
Relative to vertebrate animals, far less is known 
about the Significance of infectious diseases for insect 
conservation. This crucial knowledge gap probably 
arises for several reasons. First, insects are both smaller 
in size and more diverse in numbers: in fact, the total-
ity of described insect species outnumbers that of ver-
tebrate species by a factor of at least 16:1. This diversity 
is still being described at a considerable rate; at the 
same time, the conservation status of the majority of 
insect species remains unknown (Lewis et al. 2007). 
Less than 1 % of described insect species have been 
evaluated for conservation status as of 2010, compared 
to 44% of vertebrate species (IUCN 2010). Thus, it 
seems fair to infer that, aside from a small percentage 
of well-studied organisms, the conservation status 
of and major threats to most insect species remain 
relatively understudied and undocumented (Dunn 
2005). 
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A common perception among scientists and the 
public alike is that infectious diseases pose low risks 
to insect hosts, in large part because insects have 
fast generation times, large population sizes, and 
high fecundity. Thus, insect hosts should be better 
able to rebound from disease outbreaks and have 
greater potential to evolve resistance to pathogens 
over short timescales compared to most vertebrate 
hosts. Yet very little is known about pathogens affect-
ing wild insect populations in terms of their taxo-
nomic diversity, natural host ranges, and impacts. On 
the one hand, many studies of insect diseases during 
the past 150 years focused on the use of pathogens 
as biological control agents to limit populations of 
insect pests (Lacey and Kaya 2000). On the other 
hand, pathogens have been known to decimate popu-
lations of cultivated insects such as honey bees 
and silkworm moths, with records of silkworm moth 
diseases in China dating back to 2700 B.C. (Tanada 
and Kaya 1992). Over 40 different pathogens are 
known to infect honey bees, and organisms such 
as Varroa mites and American foulbrood bacteria 
have caused local collapses and continent-wide 
declines in recent decades (Shimanuki et al. 1992; 
Martin et al. 1998). Because a high diversity of patho-
gens are known to infect economically important 
(and hence better-studied) insect species, this sug-
gests that the majority of non-cultivated and non-
pest insects probably also harbor multiple parasitic 
organisms that can negatively affect their survival and 
reproduction. 
In this chapter, we discuss some of the ways 
that pathogens are relevant to the lives of free-living 
insects, and review potential concerns that emerging 
diseases might pose for insect conservation. We begin 
by considering the types of pathogens that have been 
most successful in targeting insect pest species, and 
their possible risks to non-target species. Next, we dis-
cuss how the commercial sale and long-distance trans-
fer of captive-reared insects might cause pathogen 
spillover in wild populations. Insects can mount a 
range of behavioral and immune defenses that influ-
ence the outcome ofinfection, and these defenses can 
evolve in response to pathogen pressure and change 
with environmental conditions. Finally, we conclude 
by discussing the potential consequences of global 
change, including climate change, for insect-pathogen 
interactions, and the broader concerns of future 
disease threats for insect conservation. 
INSECT PATHOGENS AS 
BIOLOGICAL CONTROL AGENTS 
Biological control involves the use ofliving organisms 
to suppress pest populations. Insects are one of the 
few types of organisms that can serve as natural ene-
mies for biological control programs and that are 
also commonly targeted as pest species to be con-
trolled using natural enemies. Using natural enemies 
as agents to control pest insects has a long history 
and has increased substantially in the past 30 years in 
response to environmental hazards and human safety 
issues associated with chemical pesticides. Numerous 
pathogens have been implemented as control agents 
targeting insect pests, including viruses, bacteria, 
fungi, and parasitic nematodes (Lacey et al. 2001). 
Many of these pathogens can transmit effectively and 
spread through an insect population following local-
ized introductions (Bedford 1980; Zelazny et al.1992). 
One of the best examples of an insect pathogen that 
has established and effectively controlled an insect 
pest in some areas is a fungal pathogen of gypsy moths 
(Lymantria disparj Box 20.1). Other pathogens, such 
as the soil bacterium Bacillus thuringiensis (Bt), are 
mass-cultured and applied as "microbial pesticides" 
rather than as self-propagating agents (Lacey et al. 
2001). 
Collateral Damage: Risks of 
Biocontrol Agents to Non-Target 
Insects 
Irrespective of the target pest species, biological con-
trol agents require comprehensive risk assessment 
and evaluation ofbiosafety issues prior to their release 
(see Barratt et al. 2010 for a complete review). One 
of the largest concerns is the unintended impact on 
non-target species (Hajek 2004). Because of the 
immediate need to control damage during pest out-
breaks, the effects of natural enemies on non-target 
species might not evaluated before treatment occurs. 
Indeed, a global review of over 5,200 classical biologi-
cal control releases targeting insect pests since the 
late 1800s identified only 1.7% of the total cases record-
ing the potential effects on non-target species (Lynch 
and Thomas 2000) and estimated that as many of 
ll% of past enemy releases for insect biocontrol may 
have had serious non-target effects (see Louda et al. 
2003 for several specific cases). Sixteen percent of 313 
286 Emerging Infectious Dist'ases and Con;;ervation ;\1t'dicint' 
Box 20.1 When it Rains, it Spores: Fungal Control of Gypsy Moths in North America 
One of the most successful examples of biological control of an insect pest is the introduction of the 
fungal pathogen Entomophaga maimaiga to North American populations of the gypsy moth, Lymantria 
dispar (Fig. 20.1). Gypsy moths were brought to the United States from France in the mid-1800s with 
hopes of hybridization with native North American silkworms. In the late 1800s, some gypsy moths 
escaped in Massachusetts and spread into nearby areas, eventually causing extensive defoliation in urban 
and suburban forests (Hajek 2007). In 1905, state and federal agencies began to implement classical 
biological control programs to reduce gypsy moth populations and limit forest damage. Introduced 
enemies included parasitoids, a nuclear polyhedrosis virus (LdMNPV), fungal spores of Entomophaga, 
and other insects (Hajek 2007), yet none of these were effective consistently. In 1989, the fungal patho-
gen E. maimaiga was reported as causing widespread epizootics in gypsy moths across northeastern U.S. 
populations; scores of dead gypsy moth larvae were found clinging to the trees (Hajek et al. 1999). 
Whether the E. maimaiga strain first detected in North America in 1989 originated from Entomophaga 
spores released in 1910-11 remains debatable because there was no evidence of this fungus between 1910 
and 1989 (Hajek et al. 1995; Hajek 1999). E. maimaiga has two spore forms: conidia, which are produced 
externally on cadavers, and resting spores, which are produced within cadavers. The type of spore formed 
after host death is determined by the fungus, host-related factors, and environmental conditions (Hajek 
1999). Resting spores overwinter in the soil, and in the spring they germinate to actively eject infective 
conidia onto dispersing larvae and cause primary infections (Hajek et al. 2004). Infected larvae die 
within 7 to 10 days, after which infective conidia are actively ejected from cadavers, become airborne, and 
are activated following contact with lepidopteran larvae (Hajek et al. 1999, 2004). 
Since 1989, multiple outbreaks caused by E. maimaiga subsequently occurred in gypsy moth populations 
(Hajek et al. 2004 ).lmportantly, E. maimaiga does not appear to cause major threats to non-target hosts: 
infections have been documented consistently in only three species of tussock moths and laboratory-
reared hawk moths (Hajek et al. 1995, 2004). Because E. maimaiga spores are difficult to rear in the labo-
ratory, current biocontrol measures involve the release of field-collected resting spores into areas where 
gypsy moth populations have recently invaded (Hajek 2007). Field trials to date show promising results 
in that the fungus, when introduced into low-density gypsy moth populations, can limit population 
growth and slow the rate of spatial expansion of this invasive species. 
parasitoids released in the eastern United States to 
control exotic pests have been documented parasitiz-
ing non-target native host species (Hawkins and 
Marino 1997), a conservative estimate due to lack of 
documentation of effects on non-target species. 
Perhaps more surprisingly, post-treatment impacts 
and population assessment of impacts on the actual 
target species following release of biocontrol agents 
are also rare (Louda et al. 2003). 
Effects on non-target species can have even greater 
impacts in fragile ecosystems with simple food webs, 
particularly on islands (Hajek 2004). For example, 
over 675 species of natural enemies were introduced 
to Hawaii for biological control in the past century, 
71.6% of which were predators and parasitoids tel 
control insects (Funasaki et al. 1988; Hajek 2004) 
and were not screened for host specificity (Funasaki 
et al. 1988). Of 84 parasitoids of lepidopteran pests 
released into Hawaii since 1960, 32 species haw 
become established (Funasaki et al. 1988) and are 
suspected to have severe impacts on native moth 
populations (Zimmermann 1978; Louda et al. 2003)' 
To examine how introduced enemies have infiltrated 
a native Hawaiian ecological community, Henneman 
and Memmott (2001) collected over 2,100 larvae 
from all plant species in the remote Alakai SwaIIlf 
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Figure 20.1 : 
Gypsy moth larvae infected with the fungal pathogen Entomophaga maimaiga. Dead larvae are often found hanging vertically 
along tree trunks. Fungal conidia (as shown as the light-colored powder around the larva in the photo) are forcibly ejected, 
whereas resting spores remain within cadavers. (Photo provided by Darwin Dale and David Smitley.) 
on the island of Kauai. From 216 individual reared 
parasitoids, 83% were of three introduced species for 
biocontrol and known to attack native Lepidoptera 
(Funasaki et al. 1988). These introduced agents prob-
ably compete with native parasitoids, as native 
enemy species were rarely observed (Henneman and 
Memmott 2001; Louda et al. 2003). Cases like this 
illustrate challenges in teasing apart the complex 
interactions between biological control agents and 
native natural enemies in fragile ecosystems. 
With bacterial, viral, and fungal pathogens being 
implemented as natural enemies for pest populations, 
there is great potential for these pathogens to over-
come invertebrate host species barriers and infect 
both pest and non-target species (Roy et al. 2009). 
Perhaps the most widely used and best-studied exam-
ple of insect microbial biocontrol is the bacterial 
pathogen Bt, a widely used biopesticide. Spores 
of Bt could persist in the soil for at least a year given 
ideal conditions (Addison 1993) . Different Bt strains 
target Lepidoptera, Diptera, Coleoptera, and a few 
other insect orders (Schnepf et al. 1998) and are 
commonly used in agricultural settings to control 
leaf-feeding caterpillars and beetle larvae, forest 
Lepidoptera, and larval mosquitoes. This pathogen 
has been used successfully to control gypsy moth 
outbreaks in the eastern United States, but Bt can 
also have a negative impact on native non-pest popu-
lations of caterpillars. Wagner et al. (1996) found 
that 19 of 20 common caterpillar species showed slight 
population decreases in the treatment year and the 
following two years after application of Bt in forest 
plots in west central Virginia. 
Because of the increasing number of cases of 
non-target effects ofbiocontrol agents, multiple tools 
are now being used to measure population-level 
impacts on both target and non-target species. These 
include molecular taxonomy to correctly identify 
proposed biological control agents, more comprehen-
sive evaluation of the range of species that could 
be affected, and the development of food web 
models that incorporate native species and biocontrol 
agents (Barratt et al. 2010). Importantly, the fairly 
limited information on risks to non-target insect 
species from previous biocontrol efforts probably 
reflects a lack of knowledge and quantitative assess-
ment rather than a lack of risk, and future studies 
should allow researchers to better predict direct 
and indirect effects of natural enemies on non-target 
species. 
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HOW SICK IS THAT BEE T:\f THE 
WTI\DOW? THE COM\1ERCIAL SALE 
OF INSECTS AS A VEHICLE FOR 
PATHOGE:\f SPREAD 
The growing popularity of raising and releasing insects 
such as ants, ladybird beetles, bees, and butterflies has 
resulted in the large-scale rearing and rising domestic 
commercial sales of many insect species. Some insects 
are purchased for garden biological control (e.g., lady-
bugs, praying mantids), others are sold for commer-
cial use (e.g., bumble bees as greenhouse pollinators), 
and yet others are ordered for use in home or class-
room education activities or for release at special 
events (e.g., butterflies). As emphasized in previous 
sections, the parasitic flora and fauna of most insect 
species and their potential for inter-specific transmis-
sion remain largely unknown. Thus, one major con-
cern with commercial rearing, transport, and release 
of insects is that these activities can result in the unin-
tentional propagation (and potential long-distance 
transfer) of infectious agents within and between wild 
insect populations. 
The sale and distribution of live insects are diffi-
cult to track due to the lack of consistent legal regu-
lations and documentation across geographic and 
political boundaries. Within the United States, live 
insects can be distributed across North America with a 
single permit issued under the authority of the U.S. 
Department of Agriculture (USDA). USDA permits 
are required for the domestic movement of insects 
that can be defined as pest species under special cir-
cumstances, including ants, beetles, butterflies, cock-
roaches, crickets, grasshoppers, milkweed bugs, moths, 
termites, and walking sticks. To import an insect spe-
cies into a state, buyers or sellers must obtain a permit 
for each species. Permits are valid for up to four years, 
but the USDA does not keep track of how many insects 
are shipped. It is illegal to ship non-native live insects 
across state lines. The Endangered Species Act also 
prevents the collection and sale of 56 threatened and 
endangered insect species within the United States. 
Potential Pathogen Risks from 
Butterfly Releases 
The commercial sale of live butterflies is a growing 
business fueled by the $160 million/year wedding 
industry and demand for butterflies for educational 
programs, with an estimated $40 million/year being 
spent in the United States on butterfly purchases. The 
most common species reared for festive releases are 
the American painted lady (Vanessa virginiensis) and 
monarch (Danaus plexippus). Introducing large num-
bers of commercially raised wild insects into poten-
tially novel environments raises daunting implications 
for infectious disease risks. Rearing animals at high 
densities in commercial operations could increase the 
spread of some infectious diseases, including those 
transmitted by external contact with or ingestion of 
infectious stages. There is no mandatory testing of 
pathogens in these facilities, nor are sellers reqUired by 
the USDA to certify that insect colonies are disease-
free. Visual inspection alone may not reveal subtle 
infections, and sophisticated diagnostic techniques 
are often needed to detect bacterial, viral, protozoiUlj 
and fungal infections. 
As one case study, monarchs are often infected 
by the vertically and horizontally transmitted proto-
zoan Ophryocystis elektroscirrha (Fig. 20.2). Parasites 
infect monarchs in all populations examined to date 
and the prevalence varies dramatically among popula-
tions, even within North America (Leong et alli 
1997; Altizer et al. 2000). O. elektroscirrha infections! 
cause reduced adult body size, shorter adult lifesp~ 
(De Roode et al. 2007, 2008), and reduced fligh~ 
performance (Bradley and Altizer 2005). How~ 
because infections tend not cause immediate mortali~ 
in adults, individuals who harbor low-level infectio~ 
may appear normal. Therefore, breeders could unkn~ 
ingly release significant numbers of individuals witIi 
low levels of infection into wild populations, altering 
parasite prevalence in the field. This could be especian; 
important early in the monarchs' breeding season! 
when natural infections are extremely rare (see Bartei 
et al. 2011). Because it is nearly impossible to distin~ 
released butterflies from wild ones, scientific investigll 
tion of infectious disease dynamics at a population level 
could be further complicated by the effects of captiVe' 
raised monarchs on estimated prevalence, and by the 
potential long-distance transfer of novel pathogei'l 
strains between populations (e.g., Brower et al. 1995) .. 
It is difficult to estimate how many commercial 
operations offer butterflies for sale due to the lad! 
of documentation and registration with the USDA 
Because breeders are not required to register with thE 
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Figure 20.2: 
(a) Newly emerged monarch infected with O. elektroscirrha. 
(b) Monarchs infected with parasites harbor dormant spores 
on the outsides of the.ir bodies, as indicated by arrows 
pointing to smaller lemon·shaped objects next to larger 
abdominal scales. (Photos by Rebecca Bartel and Sonia 
Altizer [left to bottom]') 
USDA, nor are they inspected for disease, this has 
ignited a debate surrounding the environmental risks 
of such activities. Both the North American Butterfly 
Association (NABA) and the Xerces Society (Pyle 
et al. 2010) have issued statements proposing a ban 
on the environmental release of commercially reared 
butterflies. Scientists cited several ecological threats 
of the releases, including the (1) spread of disease 
and parasites, (2) introductions of non-native species, 
(3) subsequent inappropriate genetic mixing, (4) cre-
ation of a commercial market for butterflies, poten-
tially making wintering sites targets for poaching, and 
(5) disruption of migrations to wintering grounds 
if butterflies are released at the wrong time of year. 
Total estimates of released monarchs for all commer-
cial breeders combined are approximately 11 million 
per year (Pyle et al. 2010), which amounts to a small 
but measurable fraction of the North American 
monarch population. Given the growing popularity 
of butterfly releases, interstate movements of sales 
and breeding stock, lack of required screening for 
infectious agents, and potential for cross-species 
transmission in operations where multiple butterfly 
species are reared together, there is little protection 
from the risk of pathogens released from commercial 
operations into wild populations. 
Disease Risks in Other Commercially 
Raised Insects 
The risk of disease introduction into wild populations 
by commercially raised individuals reaches beyond 
Lepidoptera. Growing disease threats to bee pollina-
tors, most notably honey bees (e.g., Apis mellifera), 
have lead to calls for stricter regulation of bee move-
ment by the USDA. Domesticated honey bee stocks 
have declined by 59% since 1950 (National Research 
Council 2007 ). Previous losses were attributed to two 
parasitic mites, Varroa destructor and Acarapis woodi, 
and the bacterial pathogen Paenibacillus larvae, which 
causes American foulbrood, but more recent declines 
have been associated with colony collapse disorder 
(see below) . Currently, the USDA only restricts 
importation of honey bees and honey bee materials 
into the continental United States from Australia, 
Canada, and New Zealand under the authority of 
the Honey Bee Act of 1922 (HBA) to prevent the 
introduction and spread of diseases and parasites. 
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The HBA was initially enacted by Congress primar-
ily to prevent importing A. woodi into the United 
States. The revised regulations for the importation 
of honey bees were last amended in November 
2004. The USDA stopped regulating interstate move-
ment of most bee species in 1998, deferring the matter 
to individual state governments (Flanders et al. 
2003). 
Honey bees are the best-studied pollinator in 
terms of their infectious diseases, but disease-related 
declines have also caused concern for bumble bee 
species (Bombus spp.) in recent years. Since the 1990S, 
colonies of the native bumble bees, B. occidentalis 
and B. impatiens, have been mass-produced and 
distributed to commercial greenhouses for the polli-
nation of tomatoes and sweet peppers in North 
America. The virulent strain of the microsporidian 
Nosema bombi does not naturally occur in North 
America, but is hypothesized to have been introduced 
to the United States in the early 1990S via queens of 
B. terrestris (a European species) and B. occidentalis 
that were shipped between the United States and 
Europe (Evans et al. 2008). Outbreaks of N. bombi 
infections in B. occidentalis decimated colonies in 1997 
to the point that B. occidentalis is no longer reared 
commercially in the United States (Flanders et al. 
2003). During the same time, wild populations of 
B. occidentalis, B. terricola, and B. affinis were declining, 
in part due to the spread of introduced parasites, 
namely N. bombi and Crithidia bombi, most likely orig-
inating from European bumble bees (National 
Research Council2007i Evans et al. 2008). 
Several other studies have found higher pathogen 
prevalence in commercially reared bumble bees than 
in nearby wild populations (summarized by Colla 
et al. 2006) including the protozoan C. bombi (Liu 
1973i MacFarlane et al. 1995), N. bombi (Liu 1973i 
Whittington and Winston 2003), and the tracheal 
mite Locustacarus buchneri ( Otterstatter and Whidden 
2004). Infections by these parasites can reduce colony 
survival, reproduction, and worker foraging efficiency 
(MacFarlane et al. 1995i Otterstatter et al. 2005i Colla 
et al. 2006). There is evidence of C. bombi infecting 
up to 75% of wild bumble bees near industrial 
greenhouses that used Bombus species for commercial 
pollination, where the prevalence and intensity of 
C. bombi infections declined with increasing distance 
from greenhouses (Colla et al. 2006i Otterstatter and 
Thomson 2008). 
WILL INSECTS RESPOND 
EVOLUTIONARILY TO NOVEL 
PATHOGEN PRESSURES? 
Given that many insects have a wide repertoire of 
behavioral and immune defenses (reviewed in Tanada. 
and Kaya 1992i Schmid-Hempel 2005) together With 
high fecundity and short generation times, a common 
assumption is that resistance should evolve rapidly in 
response to lethal or debilitating pathogens-thus 
lowering the long-term impacts of infectious agents, 
including those that are newly introduced. In line 
with this expectation, resistance evolution has been: 
observed in multiple case studies in recent years. One' 
striking example of rapid evolution of behavioral 
defense in response to an introduced parasite was 
demonstrated in field crickets (Teleogryl/us oceanicus)' 
inhabiting the Hawaiian island of Kauai (Zuk et at. 
2006). These crickets are attacked by the acoustically 
orienting parasitoid fly Ormia ochracea, common in. 
North America and more recently introduced to 
Hawaii. Between 1991 and 2003, crickets on Kauab 
declined in numbers, and field monitoring revealed;i 
high infection rates by the flies (Zuk et al. 1993). 
Starting in 2003, researchers noted increasing numbers. 
of crickets again but no calling males: in fact, nearIyi. 
all males captured had female-like wings that lackect~ 
the sound-producing structures (Zuk et al. 2006). 
These "flatwing" males were only rarely attacked by'" 
parasitoids, yet were still accepted by females as mates. t 
This example illustrates that strong selection pres-
sure by introduced parasites can lead to rapid evolu-
tion of behavioral/physical resistance traits and the 
subsequent recovery of previously declining insect 
populations. 
Another example of rapid evolution of host 
resistance in response to a potentially threatening 
pathogen was observed in island populations of the 
Polynesian butterfly Hypolimnas bolina infected with 
a male-killing Wolbachia (Dyson and Hurst 2004; 
Box 20.2). Prior to 2004, this bacterial pathogen 
infected nearly all butterflies on the Samoan island of 
Savai'i and caused an extreme sex ratio bias, with a 
virtual disappearance of males from the population. 
By destroying the male embryos from infected 
females, the bacteria eliminate the non-transmitting 
males and hence increase their own population-level 
spread. From 2004 to 2006, however, a dramatic turn-
around was observed on some islands, where the 
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Box 20.2 Wolbachia: Harmless Symbiont or Sexual Sabotage? 
Bacteria in the genus Wolbachia are among the most common intracellular symbionts associated with 
insects. These maternally transmitted bacteria infect up to two thirds of all insect species examined to date 
(Weeks et al. 2002), and commonly infected orders include Lepidoptera, Hymenoptera, and Coleoptera. 
Wolbachia can interfere with insect reproduction in several ways: depending on the host species affected, 
these bacteria can kill male embryos, cause feminization, or cause cytoplasmic incompatibility (CI) 
between males and females with unrelated strains (reviewed in Islam 2007 ).These manipulations give the 
bacteria an advantage in spreading through host populations via maternal transmission by increasing the 
relative reproductive success ofinfected females or by reducing the production of non-transmitting males. 
However, these tactics can also cause host population declines during the process of invasion of initially 
healthy populations or, in the case of male-killing Wolbachia, due to extreme sex ratio shifts. 
In some butterfly species, the population-level proportion of females and the fraction of females that 
produce only daughters have reached exceptionally high levels due to Wolbachia infections. The preva-
lence of Wolbachia across multiple populations of Acmea encedon in Africa ranged from 70% to 100%; at 
many of these sites, the proportion of males was exceedingly low, and almost none of the captured 
females had mated (Jiggins et al. 2000). Extreme sex ratio distortions were also reported from Polynesian 
populations of the butterfly Hypolimnas bolina infected with a male-killing Wolbachia (Dyson and Hurst 
2004). 
Given the widespread nature of these endosymbiotic bacteria and their ancient associations with insects 
and other invertebrates, it is tempting to assume that Wolbachia do not pose a significant risk for wild 
insect populations. However, one issue of more direct conservation concern is that these parasites can 
reduce host reproduction during the invasion phase, and can also lower effective population sizes (and 
hence genetic diversity) due to extreme sex ratio bias. These demographic changes can increase host 
extinction risk, especially for small or fragmented populations. A related concern is that captive breeding 
programs might inadvertently introduce Wolbachia into populations of endangered species. This risk was 
recently evaluated for the Karner blue (Lycaeides melissa samuelis, Nice et al. 2009); CI-conferring 
Wolbachia that were closely related to strains from the non-endangered Melissa (L. m. melissa) were 
found to be common in the western range of Karner blues, suggesting that cross-species transmission 
might have occurred follOWing a hybridization event between the two sub-species. Importantly, model 
simulation suggested that Wolbachia-infected populations faced a two- to four-fold higher probability of 
extinction than uninfected populations due to the demographic impacts of CI during the invasion phase 
(Nice et al. 2009). 
proportion of males increased from 1% to nearly 40% 
despite the fact that all adult butterflies sampled 
continued to show Wolbachia infections (Charlat et al. 
2007). The authors concluded that intense selection 
on the host by Wolbachia facilitated the spread of 
Suppressor genes to counter the male-killing proper-
ties of the bacteria, as previously described by Hornett 
et al. (2006). Thus, although all butterflies remained 
susceptible to bacterial infection, the suppressor genes 
minimized the deleterious fitness effects on male 
survival. 
Although past work indicates that insect resis-
tance to pathogens and parasites can evolve over 
relatively short timescales, several processes might 
impede the evolution of insect defenses. The most 
common evolutionary constraints on insect resistance 
to pathogens (reViewed in Schmid-Hempel 2005) are 
that (1) resistance traits are costly and require tradeoffs 
with other fitness-related traits, (2) limited resources 
or unfavorable environmental conditions can reduce 
the expression of host resistance, and (3) pathogens 
have evolved mechanisms to evade or counter host 
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resistance traits. In terms of tradeoffs, insects selected 
to express high levels of resistance can suffer from 
slower development or decreased competitive ability 
(e.g., Sutter et al. 1968; Boots and Begon 1993; 
Kraaijeveld and Godfray 1997). In other cases, insects 
reared at high density or with poor nutrition can suffer 
from greater susceptibility to infection because they 
are in poor condition or because resources necessary 
for defenses are limiting (e.g., Reilly and Hajek 2008; 
Lindsey at al. 2009). 
In considering disease risks to endangered or 
declining insect populations, a fourth constraint worth 
noting is that inbreeding and loss of genetic diversity 
could limit the evolution of host resistance. This 
concern has been noted for multiple vertebrate 
populations (reviewed in Acevedo-Whitehouse and 
Cunningham 2006; Altizer and Pedersen 2008). 
Although a reasonable assumption is that effective 
population sizes of insects will generally exceed that 
of many vertebrate species, heterozygosity and allelic 
diversity in declining or fragmented insect popula-
tions can also be quite low (e.g., Zayed and Packer 
2005; Matern et al. 2009). Collectively, these issues 
mean that insects might not necessarily evolve effec-
tive defenses against novel and debilitating parasites 
over short times cales. Therefore, the assumption that 
insects are at lower risk of disease-induced declines 
than vertebrate animals due to their faster evolution-
ary potential might not be realized in real-world sce-
narios where animals face competing selection 
pressures, limited resources, and small, fragmented 
populations. 
INSECT CO[\;SERVATJO~ IK LIGHT 
OF INFECTIOUS DISEASE RISKS 
Although insects on the whole remain relatively 
understudied in regards to extinction risk, the greatest 
total numbers of predicted future species extinctions 
are of insects, with estimates up to 57,000 losses per 
million species in the next 50 years (Dunn 2005). 
Insufficient documentation of habitat preference, 
geographic distributions, and abundance has resulted 
in the under-representation of declining insect popu-
lations in current global assessments of extinction 
risk, and the unfortunate lack of documentation of 
ongoing extinctions. The biodiversity crisis has been 
referred to as an undeniable insect biodiversity crisis 
(Dunn 2005) with serious implications for parasites 
and co-extinction events (Koh et al. 2004; Dunn et al. 
2009), as many specialist parasites and pathogens are 
expected to go extinct along with their hosts. 
In terms of the effect of parasites and pathogens 
on insect extinctions, very little is known, especially 
relative to disease risks for vertebrate animals (e.g., 
Smith et al. 2006; Pedersen et al. 2007). The fields 
of insect conservation and insect pathology have 
made considerable progress in recent years, yet ideas 
from these subdisciplines seldom intersect (Roy et al. 
2009). Ecologically speaking, most studies on the role 
of natural enemies on insect life history and non-pest 
population dynamics have focused on predators and 
parasites (rather than on microbial diseases), perhaps 
because predators are larger and their effects are easier 
to study (but see Hajek 1999,2004; Dwyer et al. 2004). i 
However, the diversity of insect pathogens and their " 
importance in regulating economically important 
insects suggest that a high degree ofinsect mortality in 
the field probably arises from infectious diseases. 
Pollinator Declines and Loss of' 
Pollination Services 
The loss of insect species could result in a subsequent 
loss of ecosystem services such as waste management 
(dung burial), control of insect crop pests, pollination,: 
and wildlife nutrition, the total economic value of" 
which is at least $57 billion/year in the United States. 
Pollination services alone (including those by non-
native species) are valued at $14.8 billion annually in 
the United States (Morse and Calderone 2000), and 
$3.1 billion annually for native pollinators (Losey and 
Vaughn 2006). Because insect pollinators are critical 
for ensuring the effective pollination of both culti~, 
vated and wild plants (Roubik 1995; Buchmann and 
Nabhan 1996), recent evidence of pollinator declines 
at local and regional scales (Biesmeijer et al 2006; 
National Research Council 2007) has raised COllr 
cerns (Allen-Wardell et al. 1998; Winfree 2010). Bees 
in particular pollinate over 66% of global crop species 
(Roubik 1995) and are essential for an estimated 1596 
to 35% of food production (McGregor 1976; Klein 
et al. 2007). For some fruit, seed, and nut crops, pro-
duction can decrease 90% without bee pollination 
services (Southwick and Southwick 1992). 
Honey bee declines in recent decades underscore 
pathogen risks to pollinators and the perils of heavy 
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reliance of crop systems on a single pollinator species 
(Winfree et a1. 2007). Honey bees (mainly Apis 
mellifera) are one of the most economically valuable 
pollinators of crop mono cultures (McGregor 1976; 
Watanabe 1994), responsible for the pollination of 
100 to 150 major crops grown in the United States 
(Buchmann and Nabhan 1996), including alfalfa, 
apples, almonds, onions, broccoli, carrots, and sunflow-
ers. Domesticated honey bee stocks have declined by 
59% since 1950 (National Research Council 2007), 
mostly due to infestation by Varroa destructor, a para-
sitic mite thought to have originated in Asia and 
introduced to North America in the late 1980s 
(Sanford 2001). Mites feed on adults and developing 
workers, and if left untreated, colonies almost 
invariably collapse within 1 to 3 years (Wenner and 
Bushing 1996). The spread of V. destructor is thought 
to have wiped out nearly all feral honey bee colonies 
in North America (but see Seeley 2007) and forced 
the use of acaricide treatments and selective breed-
ing to prevent widespread losses in commercial 
operations. 
Between 2006 and 2008, researchers and beekeep-
ers began to witness another decline of managed 
A. mellifera colonies in the United States, with esti-
mated losses as high as 36% of colonies (Johnson 
2010). Affected hives displayed the following symp-
toms: rapid loss of adult worker bees, a noticeable lack 
of dead worker bees within and adjacent to the hive, 
apparent brood abandonment, and delayed invasion 
of hive pests and kleptoparasitism from neighboring 
honey bee colonies (Cox-Foster et a1. 2007; van 
Engelsdorp et a1. 2009). The syndrome was named 
colony collapse disorder (CCD) and collectively 
resulted in the loss of 50% to 90% of colonies in bee-
keeping operations across 35 states (Cox-Foster et a1. 
2007). European beekeepers from several countries 
have reported similar declines in recent years. The 
possible causes of CCD remain widely debated and 
include multiple pathogens, especially single and 
interactive effects of Varroa mites, Nosema spp., and 
Israeli acute paralysis virus (e.g., Cox-Foster et a1. 
2007; Higes et a1. 2009). Other authors have pointed 
to environmental stressors, including drought and 
pesticides, and stress caused by bee-management 
practices, especially a mono culture diet and "migra-
tory beekeeping" (interstate shipping of colonies to 
pollinate orchards and commercial crops; Watanabe 
2008; Johnson 2010). These factors could interact with 
pathogens by increasing bee susceptibility to infec-
tious agents and facilitating spatial spread. 
Pathogen Spillover in Insect 
Populations 
Pathogens are now recognized as a Significant threat 
to biodiversity and have been implicated in the 
extinction or decline of numerous wildlife popula-
tions (see Lafferty and Gerber 2002 and de Castro and 
Bolker 2005 for reviews). In many cases, pathogens 
from domesticated species or other reservoir host 
populations can spill over into previously unexposed 
wildlife populations and cause significant declines 
(Daszak et a1. 2000; Power and Mitchell 2004). Most 
evidence for pathogen spillover comes from verte-
brate animals, with much less known about the extent 
to which spillover events have caused infectious 
disease problems for insect populations. As noted ear-
lier, there is growing evidence of pathogen spillover 
from commercially reared bumble bees causing the 
decline of wild bee populations (Colla et a1. 2006; 
National Research Council 2007; Otterstatter and 
Thomson 2008). Because foraging bumble bees can 
regularly escape from greenhouses (Whittington and 
Winston 2004), the potential for contact between 
commercial and wild bumble bees near these 
greenhouse operations is high (Colla et a1. 2006). 
Aside from this example, we know of no other 
documented cases of pathogen introductions from 
domesticated/reared insects leading to outbreaks or 
declines in native insect populations-although it is 
important to note that such events are extremely likely 
to go unnoticed due to a lack of baseline infection 
data and the absence of ongoing monitoring ( Goulson 
2003). 
How Might Climate Change Affect 
Insect Diseases? 
Climate change can also have impacts on insect infec-
tious disease by altering pathogen development, 
survival rates, disease transmission, and host suscepti-
bility (Harvell et a1. 2002, 2009). While many of these 
interactions have been investigated relative to dis-
ease in vertebrate hosts, effects of climate on insect-
pathogen interactions could be even more notable, 
in large part because insects are known to be physio-
logically sensitive to temperature and can respond 
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quickly in terms of life cycles and reproductive 
potential (Ayres and Lombardero 2000). Indeed, 
multiple insect species have already responded to cli-
mate change through poleward range shifts and 
changes in local abundance or phenology (e.g., 
Parmesan and Yohe 2003; Forister et al. 2010). On the 
one hand, warmer temperatures could increase patho-
gen development rates and facilitate additional trans-
mission cycles by increasing the number of host 
generations per year (Harvell et al. 2002). For exam-
ple, many parasitoids have generation times synchro-
nizedwithhostdevelopment.Ifchangesintemperature 
increase the number of host generations, then parasi-
toids can respond through plastic changes to synchro-
nize their development with hosts (Thomson et al. 
2010). Climate warming could also increase the preva-
lence of insect pathogens by relaxing overwintering 
constraints, as cold winter temperatures are a bottle-
neck for many pathogens that must survive in soil or 
on substrates during the winter months (Andreadis 
and Weseloh 1990; Hajek et al. 1990). Moreover, some 
insect pathogens might show greater virulence in 
response to warmer temperatures, as demonstrated 
by nuclear polyhedrosis virus of a soybean-feeding 
caterpillar (Johnson et al. 1982). 
Importantly, species range shifts (Parmesan et al. 
1999) and changes in phenology (Parmesan and Yohe 
2003) may alter insect movement patterns or change 
migration routes, increaSing exposure risks to novel 
pathogens or facilitating cross-species transmission 
(Harvell et al. 2009). Many insect species migrate long 
distances to track seasonal changes in resources or 
habitats, with notable examples including monarch 
butterflies, multiple New World and Old World drag-
onfly species, milkweed bugs, convergent ladybird 
beetles, and other species of butterflies and moths. 
Migration may be beneficial to hosts in some cases 
where seasonal movements can reduce parasite preva-
lence, either by allowing hosts to periodically escape 
habitats where parasites build up, or because infected 
animals are unable to migrate long distances (Bradley 
and Altizer 2005; Altizer et al. 2011; Bartel et al. 2011). 
If tlIe hosts' breeding season is extended through cli-
mate warning, migrations may cease, with year-round 
resident populations replacing migratory ones. This 
loss of migration could potentially increase exposure 
to pathogens and elevate parasite prevalence (Harvell 
et al. 2009; Box 20.3). 
CONCLUSIONS AND FUTCRE 
DIRECTIONS 
Our goal was to examine some of the ways that 
parasites and pathogens are relevant for insect conser_ 
vation, and to highlight several processes that could 
influence pathogen risks for native or at-risk insect 
populations. A major theme of this chapter is that 
relative to knowledge of pathogens in vertebrate 
animals, enormous gaps remain in studies on the roles 
of pathogens in insect conservation. Indeed, most 
pathogens infecting tlIe vast majority of non-pest 
insects go largely undocumented and unstudied. Thus, 
aside from a handful of well-studied examples, it 
remains difficult to evaluate the role of pathogens 
as regulators of insect populations, and tlIe extent 
to which processes like spillover and climate change 
are affecting insect-pathogen interactions. With 
this in mind, we briefly highlight four avenues for 
future efforts in research and management/policy 
to better understand the emergence and impacts of 
insect pathogens in an era of rapid environmental 
change. 
Improved Documentation of Insects 
Reared for Commercial Sale and 
Transport 
Insects are increasingly being raised and sold for 
commercial use (e.g., bees as pollinators) or released 
at special events (e.g., butterfly wedding releases). The 
introduction of these commercially reared insects into 
the environment has serious implications for infec-
tious disease risks for wild insect populations. Given 
the current minimal regulations for rearing, transport-
ing, and selling insects, there are several additional 
measures regulatory agencies could implement to 
offset some of these threats. First, commercial insect 
growers and breeders could be required to register 
in a national database to allow for better recording of 
commercial sales. Standardized prerequisite disease 
screening by trained professionals would also better 
ensure against the potential escape of pathogens from 
commercially reared individuals into wild popula-
tions. Lastly, importation and screening procedures 
can also be improved by requiring a quarantine period 
for all incoming insect species, allowing regulatory 
h"()11I Protozoall lufectioll in \Ionareh Buttedlies to Colony Collapse Disorder ill Bees 295 
Box 20·3 Will Parasites Gain the Upper Hand if Monarch Migration Unravels? 
Monarch butterflies occur worldwide and inhabit a subset of the range of their larval host plants 
(Asclepiadaceae, Ackery and Vane-Wright 1984). Monarchs cannot tolerate prolonged freezing tempera-
tures (Calvert et al. 1983) and have exploited temperate resources through the evolution of a spectacular 
two-way migration in parts of North America and Australia (james 1993; Brower 1995). Most research 
has focused on the eastern North American population that migrates up to 2,500 km each fall from as far 
north as Canada to wintering sites in central Mexico (Urquhart and Urquhart 1978; Brower and Malcolm 
1991). In spring, the same individuals that migrated south then fly north to recolonize their breeding 
range in the eastern United States (Malcolm et al. 1993). Monarchs in western North America migrate 
shorter distances to wintering sites along the coast of California (Nagano et al. 1993). Monarchs also 
form non-migratory populations that breed year-round in southern Florida, coastal Texas, Hawaii, the 
Caribbean islands, and Central and South America (Ackery and Vane-Wright 1984). 
Previous work has demonstrated how migration influences infections in monarchs by the protozoan 
O. elektroscirrha (Altizer et al. 2000; Fig. 20.3). Climate change may also playa role in disease prevalence 
in this system. Parasite infections are highest in monarch populations that breed year-round in warm 
regions as compared to the low prevalence observed in more seasonal climates where monarchs migrate 
long distances (Altizer et al. 2000i Fig. 20.3). Ecological niche models including forecasted climate sce-
narios for eastern North America have indicated the vulnerability of this impressive migration to future 
change due to increasing unsuitability of overwintering habitats (Oberhauser and Peterson 2003). Also, 
there is growing evidence in the southeastern United States of increased planting of tropical milkweed 
species, which do not die back seasonally in locations with mild winters, thereby providing a constant 
source of host plants and allowing persistent winter-breeding populations along the Gulf Coast (Howard 
et al. 2010). These winter-breeding monarchs that use the same habitat and host plants for an extended 
duration are likely to become heavily infected with O. elektroscirrha, based on data from between-
population comparisons and modeling studies (e.g., Altizer et al. 2004), and increased transmission in 
non-migratory monarchs could favor the emergence of more virulent parasite strains (De Roode et al. 
2008). Thus, year-round breeding associated with climate warming and planting of non-native milk-
weeds could ultimately increase parasite prevalence at the population level across eastern North America, 
with likely impacts on monarch survival and abundance. 
agencies to test for and identify all potential pathogen 
risks before transport or release. 
Field and Experimental Studies 
of Spillover Risks to At-Risk 
Populations 
Evidence discussed in this chapter suggests that the 
higher incidence of pathogens in wild bumble bee 
populations could represent one of the first cases of 
pathogen spillover from commercially raised to wild 
populations of insects. As a precaution, researchers 
and commercial producers should begin collecting 
baseline infection data to recognize and document 
pathogen spillover events. These monitoring efforts 
can also be applied to biological control programs. 
One of the largest concerns of using biological con-
trol agents is the unintended impact on non-target 
species, including non-pest insects (Hajek 2004). 
Potential effects of natural enemies are rarely docu-
mented prior to release (Lynch and Thomas 2000), 
and there is great potential for pathogens to overcome 
host species barriers (Roy et al. 2009). Therefore it is 
critical to experimentally test and track these complex 
interactions prior to the release of natural enemies or 
biological control agents, especially in fragile ecosys-
tems with simple food webs that could otherwise not 
recover from the loss of native species. 
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Figure 20.3: 
Proportion of adults infected with O. elektroscirrha within three North American populations. Monarchs in eastem 
North America migrate the longest distances annually, monarchs in western North America migrate shorter distances 
annually, and monarchs in South Florida breed year-round and do not migrate. Sample sizes per population per year 
ranged from 26 to 2.730. Prevalence averages are based on heavily infected monarchs only (as described in Altizer et al 
2000; Bartel et al. 2011), averages for eastern North America are monarchs captured as adults only, and averages for 
western North America and South Florida include monarchs captured as both larvae and adults. (Data from eastem 
migrants collected by S. Altizer, L. Brower, S. Burton, A. Davis,]. De Roode, M. Maudsley, and others (see Altizer et al 
2000). Data from western migrants collected by S. Altizer, L. Brower, P. Cherubini,]. De Roode, D. Frey, K. Oberhauser, 
R. Rarick, and S. Stevens. Data from S. Florida collected by S. Altizer, B. Farrey, A. Knight, M. Maudsley, R. Rarick, and 
]. Shapiro.) 
Examine the Response of Insect 
Pathogens to Global Environmental 
Change 
Global climate change may influence insect infectious 
diseases by affecting pathogen development, survival 
rates of hosts and parasites, disease transmission pro-
cesses, and host susceptibility (Harvell et al. 2002). 
Shifts in resource distribution as a result of changes in 
phenology may modify insect movement patterns or 
disrupt migration routes, exposing novel groups of 
species to one another and facilitating cross-species 
pathogen transmission, potentially causing declines in 
population abundance. Moreover, habitat destruction 
and fragmentation could crowd some insect popula-
tions into smaller habitat patches, potentially increas-
ing disease transmission, and exposure to pesticides or 
other environmental stressors could increase suscepti-
bility to infection. At present, the role of anthropogenic 
change on pathogen ecology has been documented 
clearly for only a handful of vertebrate systems, but 
insects and their parasites could offer a relevant 
and tractable alternative for studying the impact of 
rapid environmental change on infectious disease 
dynamics. 
Baseline Monitoring of Insect Disease 
in Non-Pest Populations 
Parasites and infectious diseases represent a major 
fraction of biodiversity on Earth, with half or more of 
all species being parasitic in nature (Price 1980). 
At the same time, biologists have uncovered only a 
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rniniscule percentage of the diversity of infectious 
organisms from natural host communities, and 
nowhere is this gap more extreme than for micro- and 
rnacroparasites from non-pest insects. Not only is 
describing insect pathogens important for inventories 
of biodiversity, but baseline data on the distribution 
and prevalence of insect pathogens are essential to 
detecting future changes in prevalence or novel patho-
gen introductions that might result from anthropo-
genic change. This is especially true for insect 
populations subject to habitat loss and exposure to 
environmental stressors that could make species more 
susceptible to disease-mediated declines or extinc-
tion. 
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